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CORRELATION APPARATUS AND METHOD
FOR ACCOMODATING SPREADING CODE
FREQUENCY OFESET

FIELD OF THE INVENTION

The present invention relates generally to the correlation of
signals, and more particularly to accommodating spreading
code frequency olifset while correlating a signal.

BACKGROUND

Spread spectrum techmques have proven useful in a variety
of communications applications, including cellular tele-
phones, wireless local area networks, and military communi-
cations. One advantage of spread spectrum techniques 1s the
ability to build a transmuitter which 1s difficult for an unautho-
rized user to detect.

Wireless spread spectrum systems use a relatively large
amount of spectrum bandwidth to communicate their signals.
The large bandwidth 1s consumed by spread spectrum encod-
ing the transmission using a spreading code. The two most
common types of spread spectrum encoding are frequency
hopping where a pseudonoise spreading code 1s used to pseu-
dorandomly change the transmission frequency on a periodic
basis, and direct sequence where the pseudonoise spreading,
code 1s used to modulate the transmit signal at a high rate
relative to the underlying message data. The spread code 1s a
pseudorandom sequence of symbols that can be generated by
a transmitter, and also generated by a recetver which knows
the characteristics of the code. Each symbol of the pseudo-
random sequence 1s generally referred to as a chip. The time
duration of a chip can be referred to as a chip time, and hence
the chip rate (or spreading code frequency) 1s the reciprocal of
the chup time. The chip rate 1s usually at least an order of

magnitude higher than the data rate of the underlying infor-
mation to be transmitted.

Correlation can be used to detect a spread spectrum trans-
mission and to extract the data from a spread spectrum trans-
mission. Correlation typically performs a chip by chip com-
parison between a received signal and a local code reference,
summing these comparison results over many chip intervals,
the overall length referred to as the “correlation interval.” For
example, to extract data, a recerver typically performs a cor-
relation of the spread spectrum signal with the spreading code
over a correlation interval corresponding to one symbol of
underlying information. If the so-called processing gain 1s
high (many spreading code chips for each mmformation sym-
bol), this correlation 1nterval may span an interval of many
chips. For example, systems are known which use processing
gain 1 excess of 1000, 1n which case each symbol spans 1000
chips. For detecting a spread spectrum transmission, even
longer correlation intervals are often used which span many
symbols and, thus, many thousands of chips.

Long correlation intervals can cause problems when the
spreading code rate received doesn’t match that expected by
the correlator. This difference, referred to as spreading code
frequency oiffset, causes phase drift of the received signal
relative to the local code reference. This drift can thus accu-
mulate during the correlation interval. Hence, where the
phase of the recerved signal and the local code reference may
start out aligned at the beginning of the correlation interval,
they may be misaligned (perhaps by several chip times) by the
end of the correlation interval. This misalignment results 1n a
loss 1n the correlator output, reducing the signal to noiseratio.
Effects of this loss can include reduced probability of detec-
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tion, increased symbol error rates during data extraction, and
complete loss of synchronization.

One approach to solving the problems caused by code
frequency oflset 1s to limit the length of the correlation inter-
val. Limiting the length of the correlation can reduce the
clfects of code frequency offset because there 1s less time for
the code phase to dnit. The reduced length, however, also
results 1n a reduction in signal to noise ratio. Hence, to accom-
modate large code frequency oflfset using a shorter correlation
interval may result 1n inadequate signal to noise ratio.

An alternative approach, applicable to signal detection, 1s
to include complex clocking circuitry to provide multiple
local code references which advance at slightly different fre-
quencies. Hence, correlators using different rate local refer-
ences can accommodate different code frequency oifset.
Unfortunately, the complexity of the multiple clocking can
increase costs. Furthermore, 1t 1s difficult to accommodate
these multiple slightly different clock rates 1n a synchronous
logic design.

SUMMARY OF THE INVENTION

It has been recognized that 1t would be advantageous to
develop amethod and apparatus for correlating a signal which
can accommodate spreading code frequency offset.

In one embodiment of the present invention, an apparatus
for correlating a signal over a correlation interval includes a
sampler. The sampler 1s configured to accept the signal and
form a plurality of signal samples. The apparatus may also
include a tapped delay line coupled to the sampler and con-
figured to accept the plurality of signal samples and output
delayed signal samples at a plurality of taps. Successive taps
provide an increased relative delay to the signal samples. The
apparatus may also include a plurality of correlators coupled
to the tapped delay line. Each correlator 1s configured to form
a correlation result from a plurality of selected delayed signal
samples. The selected delayed signal samples for each corr-
clator correspond to the correlation interval, and are taken
from a tap location that may be moved along the tapped delay
line at a rate corresponding to a correlator unique code fre-
quency ollset hypothesis.

Additional features and advantages of the invention will be
apparent from the detailed description which follows, taken
in conjunction with the accompanying drawings, which
together illustrate, by way of example, features of the inven-
tion.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a block diagram of an apparatus for correlating a
signal over a correlation interval in accordance with an
embodiment of the present invention;

FIG. 2 1s a tabulation of seven different code frequency
offset hypotheses accommodated by a three tap delay line
using seven correlators 1n accordance with an embodiment of
the present invention;

FIG. 3 1s a detailed block diagram of a correlator 1n accor-
dance with an embodiment of the present invention;

FIG. 4 1s a block diagram of an apparatus for correlating a
signal over a correlation interval 1n accordance with another
embodiment of the present invention;

FIG. 5 15 a block diagram of an apparatus for correlating a
signal over a correlation interval 1n accordance with another
embodiment of the present invention;

FIG. 6 15 a tabulation of signal samples spanning a corre-
lation 1nterval and specific subsets selected for each of three
correlators 1n accordance with an embodiment of the present
invention;




US 7,664,164 Bl

3

FI1G. 7 1s a block diagram of an apparatus for correlating an
input signal over a correlation iterval 1n accordance with
another embodiment of the present invention;

FIG. 8 1s a block diagram of a correlator in accordance with
another embodiment of the present invention; and

FI1G. 9 1s a tlow chart of a method for correlating a signal
over a correlation interval in accordance with an embodiment
of the present invention.

DETAILED DESCRIPTION

Reference will now be made to the exemplary embodi-
ments illustrated 1n the drawings, and specific language will
be used herein to describe the same. It will nevertheless be
understood that no limitation of the scope of the invention 1s
thereby intended. Alterations and further modifications of the
inventive features illustrated herein, and additional applica-
tions of the principles of the mventions as 1llustrated herein,
which would occur to one skilled 1n the relevant art and
having possession of this disclosure, are to be considered
within the scope of the invention.

Asillustrated 1in FIG. 1, in accordance with an embodiment
of the present imnvention, an apparatus 100 for correlating a
signal over a correlation interval 1s shown. The signal 108
may include a spread spectrum encoded transmission, as well
as noise and other interfering signals. The apparatus can
accommodate a spreading code frequency oifset between the
spread spectrum transmission embedded within the signal
and a local timing reference used by the apparatus. For
example, a spread spectrum communication system may be
designed to use a nominal code frequency (chipping rate) of
10 MHz. The actual chipping rate of a spread spectrum trans-
mission recerved by the apparatus may differ from 10 MHz
due to such effect as Doppler shift or oscillator error 1n the
transmission source. Similarly, oscillator error 1n a receiver
may result 1n an apparent deviation of the receirved code
frequency from that expected. Spreading code frequency oil-
set, regardless of the source, can result 1n drift of the code
phase during the correlation interval.

The apparatus 100 accommodates spreading code 1re-
quency oifset by selecting which samples are used to perform
a correlation over the correlation interval. The apparatus
includes a means for forming a plurality of signal samples, for
example a sampler 102, and a means for delaying the signal
samples 110 to produce a plurality of delayed sample streams,
for example a tapped delay line 104. For example, the sampler
may be implemented by an analog to digital converter which
provides discrete time, quantized digital samples of the signal
108. Alternately, the sampler may provide discrete time ana-
log samples of the signal, for example using a sample and
hold. The tapped delay line 104 1s coupled to the sampler so
as to accept the plurality of signal samples. For digitized
signal samples, the tapped delay line may be implemented by
digital electronics, including for example a discrete shift reg-
isters or integrated into an FPGA or ASIC. For analog signal
samples, the tapped delay line may be implemented by a
charge coupled device or analog delay line. The tapped delay
outputs delayed signal samples 112 at a plurality of taps. Each
successive tap provides increased relative delay to the signal
samples. For example, 1f the tap spacing is set to one-half chip
time, the increased relative delay 1s one chip time. In such a
case, delayed signal samples from the first tap will be delayed
by one-half chip time relative to the signal samples at the
input of the tapped delay line, delayed signal samples from
the second tap will be delayed by one chip time relative to the
signal samples at the mput, etc. For example, a tapped delay
line with one-half chip time delays can be implemented by
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setting the sampling rate of the sampler to twice the chip rate,
and providing one clock of delay per tap using a shift register
or series ol daisy-chained latches. Using a tap spacing of
one-quarter or one-chip time may also prove useful. Various
other combinations of sampling rate and delay per tap will
occur to one of skill in the art and may prove advantageous
depending upon the particular application.

The apparatus may also include a plurality of correlators
106 coupled to the tapped delay line. Each correlator forms a
correlation result 114 from a set of selected delayed signal
samples which correspond to the correlation interval. For
example, i1 the correlation interval spans 1000 chip times, and
the sample rate 1s twice the chip rate, each correlator will use
a total of 2000 delayed signal samples. Each correlator per-
forms the correlation for a unique code frequency oifset
hypothesis, and hence the set of selected delayed signal
samples for each correlator 1s taken from a tap location that 1s
moved along the tapped delay line during the correlation
interval at a rate corresponding to that hypothesis. For
example, for a code frequency oifset hypothesis of zero, there
1s assumed to be no code phase drift during the correlation
interval, and thus the tap location 1s not moved. When there 1s
a positive code frequency offset (that 1s, the code frequency of
the spread spectrum transmission embedded in the signal 1s
higher than expected), the code phase slowly drifts earlier in
time. Hence, to compensate for the positive frequency offset,
the tap location 1s moved along the tapped delay line towards
taps with less relative delay (e.g., to the left in FIG. 1).
Conversely, when there 1s a negative code frequency olfset
(the code frequency 1s lower than expected) the code phase
slowly drifts later 1n time, and the tap location 1s moved
towards taps with more relative delay (e.g., to the right in FIG.
1).

Moving the tap location along the delay line compensates
for phase drift according to the hypothesized code frequency
ollset. Because the compensation 1s performed by moving the
tap location, complex clocking circuitry as used by some
prior approaches 1s avoided. Overall, the apparatus 1s thus
relatively simple compared to some complex approaches pre-
viously used. For example, the apparatus 100 may be imple-
mented 1n entirely synchronous logic, for example an appli-
cation specific integrated circuit (ASIC) or field
programmable gate array (FPGA).

The operation of the correlators may be understood turther
by reference to a more specific example. An exemplary cor-
relation interval of 600 chip times 1s used, and the tapped
delay line 1s configured with taps of one chip time relative
delay. Consider a spread spectrum encoded transmission
embedded within the signal, but the transmission has a code
frequency offset which results in the code phase drifting by
two full chip times over the correlation interval. In other
words, the code phase drifts by one chip time each 300 chips
of the correlation interval. A correlator which 1s not config-
ured to accommodate this code frequency offset will thus fail
to be to be aligned with the spread spectrum encoded signal
over the entire correlation interval, and thus full to collect all
of the energy of the spread spectrum encoded signal. For
example, 1f the correlator starts pertectly aligned with the
signal, within 150 chip times i1t will be misaligned by one-halt
chip time, and within 300 chip times 1t will be misaligned by
a Tull chip time. Thus, the correlator could potentially collect
less than half of the available energy available during the 600
chip time correlation interval. The actual loss observed 1n a
mismatched correlator depends on a number of factors,
including the pulse shaping used at the transmutter, filtering 1n
the recerver, and the 1nitial phase of the signal relative to the
correlator timing.
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A correlator in accordance with an embodiment of the
present mvention can accommodate this moving phase by
moving the tap location by one position after every 300 chips
of the correlation interval. Hence, a tapped delay line of at
least three taps long, with one chip spacing between taps can
accommodate the offset in this example.

Multiple correlators may be included to accommodate
multiple code frequency oflsets. For example, FIG. 2 pro-
vides a tabulation of the seven different code frequency oflset
hypotheses that can be accommodated by a three tap delay
line combined with seven correlators 1n accordance with one
embodiment of the present invention. The tap locations are
numbered from 1 to 3, with 1 being the mimimum relative
delay and 3 being the maximum relative delay. The code
frequency ofifset hypotheses cover driit rates from -3 chips
over the correlation interval to +3 chips over the correlation
interval. For example, looking at the hypothesis of -3 chips
per correlation interval drift in FIG. 2, the correlator tap
location 1s tap 3 during chip time 1 through 199 (the first third
ol the correlation interval), tap 2 during chip time 200 through
399 (the middle third of the correlation interval), and tap 1
during chip time 400 through 599 (the last third of the corre-
lation 1interval). The correlator for the hypothesis of +3 moves
in the opposite direction, moving from tap 1, to tap 2, to tap 3,
and transitions at the same times as the correlator for the
hypothesis of —=3. The correlators for the hypotheses of +1 and
—1 each change tap location in the middle of the correlation
interval, both using tap 2 for the first half of the correlation
interval and tap 3 and tap 2, respectively, during the second
half of the correlation interval. The correlator for the hypoth-
es1s of 0 uses a fixed tap location. The particular tap location
chosen by each correlator at each sample time thus corre-
sponds to the tap location that most closely matches the
expected phase of the signal during that chip time for the code
frequency oflset hypothesis of that correlator. Thus, during
different portions of the correlation interval, each correlator
may use a different tap location.
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In general, the apparatus 100 (FIG. 1) 1s easily extendible
to cover almost any range of frequency offset hypotheses 4
desired by selecting a suitable length for the tapped delay line
and moving the correlator tap locations along the tapped
delay line appropriately. Hence, even very wide ranges of
possible code frequency offset can be accommodated, such as
those caused by high Doppler frequency shifts 1n a mobile or 45
satellite commumnication system. Alternately, because large
code frequency olffsets can be accommodated, less accurate
oscillators can be used, which may reduce the costs of com-
ponents used 1n the communication system. Of course, fewer
correlators can also be used, covering smaller ranges of fre- 5
quency oifset 1f desired.

One detalled implementation of an embodiment of a corr-
clator 300 1s shown 1n block diagram form 1n FIG. 3. A means
for selecting a plurality of selected samples corresponding to
the correlation interval can be provided by, for example, a 55
sample selector 302. Various implementations of a sample
selector may be used. For example, the sample selector may
be implemented as a switch or multiplexer with mputs
coupled to the tapped delay line and the switched/multiplexed
output providing the selected samples 310. Alternately, if the 60
tapped delay line 104 (FIG. 1) 1s implemented by a digital
memory, the sample selector may be implemented by an
address generator which addresses the tapped delay line
memory so as to provide selected samples at the output of the
memory. Various other implementations of the sample selec- 65
tor will occur to one of skill 1n the art having possession of this
disclosure.

6

In one embodiment of the present invention, means for
correlating the plurality of selected samples 1s provided by a
multiplier 304 coupled to a summer 306. The selected
samples 310 are chip-by-chip multiplied by a local code 312
generated by a local code generator 308. The resulting mul-
tiplied samples 314 are summed by a summer 306 to produce
the correlation result 114. Other techniques of implementing,
a correlator are also known 1n the art, and may be used with
embodiments of the present invention.

In accordance with an alternate embodiment of the present
invention, the sampler 102 may include a matched filter con-
figured to perform a matched filtering operation on the signal
and output signal samples. For example, a matched filter can
be implemented with a finite impulse response filter having,
taps set equal to the complex conjugate of the spreading code,
in which case the matched filter performs a despreading func-
tion. In such a case, the local code generator and multiplier
can be eliminated, and the means for correlating provided by
ameans for summing, including for example the summer 306.
Selected samples 310 are provided directly to the summer to
form the correlation result 114.

As discussed above, correlation 1s a useful technique for
detecting the presence of a spread spectrum transmission
having a particular spreading code by correlating an 1ncom-
ing signal with that particular spreading code. For example,
commonly owned co-pending U.S. patent application Ser.
No. 11/351,464, entitled Spread Spectrum Detection System
and Method describes a spread spectrum system in which
embodiments of the present invention may be employed.

FI1G. 4 1llustrates an apparatus 400 for correlating a signal
over a correlation interval i accordance with another
embodiment of the present invention. The mmcoming signal
108 15 recerved by a sampler 102, as discussed above. Signal
samples 110 from the sampler are delayed by a tapped delay
line 104 to produce delayed samples 112 which are provided
to a plurality of correlators 106. Each correlator 418 1s con-
figured to calculate a correlation result 114 for a correlator
unique code offset frequency hypothesis, for example as dis-
cussed above.

The apparatus 400 may include a first comparator 402
coupled to the plurality of correlators and configured to com-
pare the correlationresults 114 to a threshold 406 to detect the
presence of a spread spectrum signal. The output of the first
comparator 1s thus a signal present declaration 408. For
example, the threshold may be set based on a predetermined
level that the correlation result 1s to exceed to ensure a high
probability that a spread spectrum having the particular
spreading code 1s actually present in the signal. Alternately,
the threshold may be set based on a previously determined
average noise level, for example, by using a scaled average of
correlation results determined previously 1n time.

Because the correlation 1s performed using samples which
have been selected to correspond to a hypothesis code fre-
quency offset (and hence phase drift), losses associated with
the phase drift can be reduced. For example, as discussed
above, a spread spectrum encoded transmission which drifts
in code phase over the correlation interval results 1n loss
relative to a transmission with no code phase dritt. The actual
amount of loss depends in part on the particular transmit pulse
shaping and recerve matched filtering used. The correlator
matched to this phase drift rate, however, will result 1n rela-
tively little loss. Hence, the apparatus 400 can provide
improved signal to noise ratio i1n the correlation result for
signals which have a code frequency offset.

Multiple different code frequency oflsets can be accom-
modated 1n the apparatus 400, improving the likelihood that
one of the correlators 418 provides a high signal to noise ratio
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correlation result 114. For example, the expected range of
code frequency offset may be covered by a number of code
frequency oflset hypotheses, each spaced such that the code
phase will not drift by more than %2 chip over the correlation
interval for at least one of the hypotheses.

Multiple first comparators 402 may be included, one for
cach correlator 418 as shown 1n FIG. 4. Alternately, a single
first comparator may be included and coupled to the plurality
correlators 106 through a switch or multiplexer and used to
compare each correlation result 114 to the threshold.

The apparatus 400 may also include a second comparator
404 coupled to the plurality of correlators 106 and configured
to determine a largest correlation result 410. The largest cor-
relation result may be used, for example, to determine the
code frequency oilset of the recerved spread spectrum trans-
mission. Accordingly, the apparatus may also include an esti-
mator 412 configured to determine the estimated code fre-
quency ofiset414. For example, the estimated code frequency
offset may be chosen to correspond to the code frequency
offset hypothesis which produced the largest correlation
result. Alternately, the estimator may include an interpolator
to interpolate between the largest correlation result and two or
more adjacent correlation results to determine the estimated
code frequency oflset. For example, since the correlation
result typically varies linearly with code frequency offset, a
linear interpolation may be performed.

The estimator may be coupled to a local code generator 308
to adjust a code frequency of the local code generator to
match the estimated code frequency offset. Hence, the result-
ing adjusted local code 416 will more closely track the
received spread spectrum transmission. The adjusted local
code may be used for despreading and demodulation. By
adjusting the frequency of the local code to that of the
received spread spectrum transmission, improved perfor-
mance may be obtained 1n a demodulator.

An additional advantage provided by the apparatus 400 1s
the ability to perform longer correlation. Prior correlators
have often been limited in length due to the loss of signal to
noise ratio caused by phase drift during the correlation inter-
val. Since the apparatus compensates for phase drift during
the correlation (by moving the tap location), less loss results,
and longer correlation intervals are possible. Hence, higher
signal to noise ratio can be obtained at the output of the
correlator. This higher signal to noise ratio can be used, for
example, to provide improved performance of a receiver,
permit a reduction 1n a transmitter power, or to extend the
range of a communication system.

As 1llustrated 1n FIG. 5, 1n accordance with an alternate
embodiment of the present invention, an apparatus for corre-
lating a signal over a correlation interval while accommodat-
ing spreading code frequency offset 1s shown. The apparatus
500 accepts an input signal 108 which 1s processed by a
matched filter 502 to produce signal samples 110. The signal
samples are delayed by a tapped delay line 104 to produce
carly 524, nominal 522 and late 520 samples. As shown here,
the tapped delay line may be implemented by two single
sample delays 514, so that the nominal samples are delayed
relative to the early samples, and the late samples are delayed
relative to the nominal samples.

The apparatus includes means for selecting a plurality of
selected samples corresponding to the correlation interval.
For example, a first switch 504 1s coupled to the tapped delay
line 104 and outputs nominal samples 522 during the first half
of the correlation interval and outputs early samples 524
during the second half of the correlation interval. This corre-
sponds to a positive code frequency offset hypothesis. In
other words, the code phase 1s expected to drift earlier 1n time
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during the correlation interval. This 1s shown 1n FI1G. 6, which
shows the signal samples spanning the correlation interval
and the specific subsets selected for each of the three correla-
tors. The eflfect of the first switch switching from the nominal
to the early samples 1s to advance the effective sample timing
midway through the correlation. This 1s accomplished by
reusing signal sample number 10. This 1s equivalent to com-
pressing time during the correlation, for example to compen-
sate for a positive Doppler shift on the incoming signal. The
first selected samples 526 (at the output of the first switch
504) are provided to a means for correlation, for example a
first summer 508, which forms a first correlation result 530.

A second switch 506 1s coupled to the tapped delay line and
outputs nominal samples during the first half of the correla-
tion interval and outputs late samples 520 during the second
half of the correlation interval. This corresponds to a negative
code frequency offset hypothesis (code phase drnifting later 1in
time). Hence, signal sample number 11 1s skipped midway
through the correlation interval. This 1s equivalent to expand-
ing time during the correlation, for example to compensate
for a negative Doppler shift on the mmcoming signal. The
second selected samples 528 (at the output of the second
switch) are provided to a second summer 512 which forms a
second correlation result 534.

Finally, a third summer 510 1s coupled to the delay line, so
as to receive nominal samples. Hence, this corresponds to a
zero code frequency offset hypothesis (no code phase drift)
and thus the selected signal samples are the nominal samples
522 spanning the correlation interval, used 1n order. The third
summer sums the nominal samples spanning the correlation
interval to form a third correlation result 532.

As an alternate, the first switch 504 and second switch 506
can be configured to switch in the opposite directions. That s,
the first switch can switch from early samples 524 in the first
half of the correlation interval to nominal samples 522 in the
second half, and the second switch can switch from late
samples 520 to nominal samples. In this case, the first corre-
lation result 530 corresponds to a negative Doppler shiit and
the second correlation result 332 corresponds to a positive
Doppler shiit. This alternate arrangement may provide an
advantage 1n that the three correlation results correspond to
hypotheses having the same phase at the end of the correlation
interval.

One of the three summers 508, 510, 512 and associated
circuitry (e.g. one of the switches 504 or 506) can be elimi-
nated to reduce the complexity of the circuitry, providing an
alternate embodiment of the present invention. Furthermore,
il either the positive or negative hypothesis 1s eliminated, the
tapped delay line 104 can be shorted to a single stage of delay.
For example, FI1G. 7 1llustrates an apparatus 700 for correlat-
ing an mnput signal over a correlation interval in accordance
with another embodiment of the present invention. The input
signal 108 1s provided, through an optional matched filter
718, to adelay unit 716, which provides a delayed signal 708.
A first correlator 704 1s coupled to the tapped delay line, and
accepts the delayed signal to form a first correlation result
712. A second correlator 706 1s coupled to a switch 702, and
forms a second correlation result 714 from a selected signal
710 output by the switch. The switch 1s configured to select
the delayed signal during a first half of the correlation inter-
val, and to select the input signal during a second half of the
correlation interval to form the selected signal. Hence, the
first correlation result corresponds to a zero code frequency
offset hypothesis, and the second correlation result corre-
sponds to a positive code frequency oifset hypothesis.

The apparatus 700 may be rearranged to perform equiva-
lent functions by connecting the first correlator directly to the
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input signal 108. The apparatus 700 may also be rearranged to
perform equivalent functions by having the switch 702 select
the input signal during the first half of the correlation interval
and select the delayed signal during the second half of the
correlation 1nterval. As just described, the second correlation
result corresponds to a negative code Ifrequency oilset
hypothesis.

For arrangements of the apparatus 700 as just described,
operation may be enhanced by biasing the local code fre-
quency generator slightly positive or negative so as to place
the two code frequency oflset hypotheses equally spaced to
cach side of the expected code frequency of the mput signal.
The apparatus 1s also equally suitable for use with digital
(sampled, discrete time) or analog (continuous time) input
signals.

The apparatus 700 may optionally include a matched filter
718 to perform matched filtering on the signal before input to
the delay unit and correlators. The matched filter may be
configured to perform despreading of the mnput signal, 1n
which case the correlators may be implemented using inte-
grators. For example, a digital matched filter can be 1mple-
mented using a finite 1impulse response filter as discussed
above, and an analog matched filter can be implemented
using a surface acoustic wave device.

Means for correlating may be implemented by correlators
704, 706 as will now be described 1n further detail with
reference to FI1G. 8. The correlators may include a multiplier
802 and imtegrator 804. For example, the multiplier may be
implemented by a mixer (for an analog signal) or by a digital
multiplier, exclusive-or gate, or similar (for a digital input
signal). The integrator may be implemented by an integrating
amplifier (for an analog input signal), or by a summer (for
digital input signals). Various other ways of implementing the
multiplier and 1ntegrator will occur to one of skill 1n the art.

The delay signal 708, and selected signal 710 are multi-
plied by the local code 312 (generated by the local code
generator 308) to form first 806 and second 814 multiplied
signals, respectively. The multiplied signals are then inte-
grated by integrators 804 and 808 to form a first 712 and
second 714 correlation result.

Although the preceding discussion has focused primarily
on hardware implementations of embodiments of the present
invention, the techniques may also be implemented using a
general purpose processor or digital signal processor com-
bined with executable machine instructions.

A method 900 for correlating a signal over a correlation
interval while accommodating spreading code frequency oll-
set 1s 1llustrated 1n flow chart form 1n FIG. 9 m accordance
with an embodiment of the present invention. One operation
of the method 1s sampling 902 an nput signal to form a
plurality of signal samples. This operation may be performed,
for example, with a sampler or analog to digital converter as
discussed above. Another operation of the method 1s delaying
904 the plurality of signal samples 1n a tapped delay line, for
example as discussed above. A further operation of the
method 1s selecting 906 samples from a first position on the
tapped delay line to form a first set of selected signal samples
corresponding to the correlation interval wherein the first
position 1s moved along the tapped delay line during the
correlation interval at a first rate corresponding to a first code
frequency oflset hypothesis. For example, the first position
may be moved along the tapped delay line by using a switch
coupled to multiple taps on the tapped delay line as discussed
above. Yet another operation of the method 1s correlating 908
the first set of selected signal samples to provide a first cor-
relation result. For example, correlation may be performed
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tor as discussed above. The method may also include filtering
the plurality of signal samples, for example with a matched
filter as discussed above.

The method 900 may also provide for searching of multiple
code frequency offset hypotheses by including the operation
of selecting samples from additional positions (e.g., a second
position, third position, etc.) on the tapped delay line and
correlating the selected samples to form additional correla-
tion results (e.g., a second correlation result, third correlation
result). For example, correlations may be performed for two,
three, or more hypotheses, where for each hypothesis the
position 1s moved (1including holding at a fixed position, for
the case of a zero code frequency offset) along the tapped
delay line corresponding to a dnift rate commensurate with
the hypothesized code frequency ofiset.

More specifically, the method 900 may include the opera-
tions of selecting samples from first, second, and third posi-
tions on the tapped delay line where the third position 1s fixed,
and the first and second positions move at equal rate in oppo-
site directions. This corresponds to a zero, a positive, and a
negative code offset frequency hypotheses. These operations
can be implemented, for example, as described above in con-
junction with FIG. 5.

The presence of spread spectrum signal transmissions
within the signal may be detected by the operation of com-
paring the correlation results to a threshold, for example using
a comparator as discussed above. A most likely code ire-
quency offset hypothesis can be determined by comparing the
correlation results. An estimated code frequency oflset can be
obtained by interpolating the correlation results. Finally, code
frequency oiffset hypothesis can be compensated for (e.g.,
within a demodulator) by adjusting the rate of a local code
reference generator based on the estimated code frequency
olfset.

Summarizing, and reiterating to some extent, a technique
for accommodating spreading code oifset while correlating a
signal has been invented. The technique includes delaying the
signal, for example, 1n a tapped delay line, to produce delayed
versions of the signal. The correlation 1s performed, selecting
from the delayed versions of the signal, so as to compensate
for phase drift between a local code reference and a hypoth-
esized code frequency oflset of a spread spectrum encoded
transmission within the signal. Using this technique, rela-
tively simple hardware can accommodate simultaneous cor-
relation for a number of different code frequency oifset
hypotheses. By accommodating code frequency ofiset, the
signal to noise ratio of the correlation result may be improved,
providing improved detection probability.

It 1s to be understood that the above-referenced arrange-
ments are illustrative of the application for the principles of
the present invention. It will be apparent to those of ordinary
skill 1n the art that numerous modifications can be made
without departing from the principles and concepts of the
invention as set for 1in the claims.

What 1s claimed 1s:

1. An apparatus for correlating a signal over a correlation
interval while accommodating spreading code frequency oil-
set comprising;

a sampler configured to accept the signal and form a plu-

rality of signal samples;

a tapped delay line coupled to the sampler and configured
to accept the plurality of signal samples and output
delayed signal samples at a plurality of taps, wherein
successive taps provide an increased relative delay to the
signal samples; and

a plurality of correlators coupled to the tapped delay line,
cach correlator configured to form a correlation result
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from a plurality of selected delayed signal samples cor-
responding to the correlation interval, the plurality of
selected delayed signal samples taken from a tap loca-
tion that 1s moved along the tapped delay line during the
correlation interval at a rate corresponding to a correla-
tor umique code frequency oflset hypothesis;

wherein the plurality of correlators comprise:

a second correlator coupled to the tapped delay line and
configured to select a second plurality of selected
delayed signal samples from a second tap location
moved along the tapped delay line during the correlation
interval at a positive phase drift hypothesis; and

a third correlator coupled to the tapped delay line and
configured to select a third plurality of selected delayed
signal samples from a third tap location moved along the
tapped delay line during the correlation interval at a
negative phase drift hypothesis opposite to the positive
phase driit hypothesis.

2. The apparatus of claim 1 wherein the plurality of corr-
clators comprise a first correlator coupled to the tapped delay
line and configured to select a first plurality of selected
delayed signal samples from a first fixed tap location.

3. The apparatus of claim 1 wherein the sampler further
comprises a matched filter configured to perform a matched
filtering operation on the signal and output signal samples
which have been matched filtered, and each of the plurality of
correlators comprises a summer configured to sum the plu-
rality of selected delayed signal samples.

4. The apparatus of claim 1 wherein each of the plurality of
correlators comprises:

a sample selector coupled to the tapped delay line and

configured to select the selected delayed signal samples;

a multiplier coupled to the sample selector and configured
to multiply the selected delayed signal samples by a
local code reference to form multiplied samples; and

a summer coupled to the multiplier and configured to sum
the multiplied samples to form a correlation result.

5. The apparatus of claim 1 wherein the plurality of corr-

clators comprise:

a first correlator coupled to the tapped delay line and con-
figured to select a first plurality of selected delayed
signal samples from a first fixed tap location; and

at least one second correlator coupled to the tapped delay
line and configured to select a second plurality of
selected delayed signal samples from the first fixed tap
location during a first portion of the correlation interval
and from a second fixed tap location during a second
portion of the correlation interval.

6. The apparatus of claim 5 wherein the at least one second
correlator comprises a switch coupled to the tapped delay line
and configured to select delayed signal samples from the first
fixed tap location during the first portion of the correlation
interval and from the second fixed tap location during the
second portion of the correlation interval and output selected
delayed signal samples.

7. The apparatus of claim 5 wherein the first portion pre-
cedes the second portion in time.

8. The apparatus of claim 5 wherein the first portion cor-
responds to a first half of the correlation interval and the
second portion corresponds to a second half of the correlation
interval.

9. The apparatus of claim 5 wherein the second fixed tap
location has increased delay relative to the first fixed tap
location.

10. The apparatus of claim 1 further comprising a first
comparator coupled to the plurality of correlators and config-
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ured to compare the correlation results to a threshold to detect
the presence of a spread spectrum signal.

11. The apparatus of claim 1 further comprising a second
comparator coupled to the plurality of correlators and config-
ured to determine a largest correlation result.

12. The apparatus of claim 1 further comprising an estima-
tor coupled to the plurality of correlators and configured to
determine an estimated code frequency offset of the signal.

13. The apparatus of claim 12 further comprising a local
spreading code generator coupled to the estimator wherein a
code frequency of the local spreading code generator is
adjusted based on the estimated code frequency offset.

14. The apparatus of claim 1 wherein the increased relative
delay 1s selected from the group consisting of one chip time,
one-half chip time, and one-quarter chip time.

15. An apparatus for correlating a signal over a correlation
interval while accommodating spreading code frequency oil-
set comprising:

a matched filter configured to accept the signal and output

a plurality of signal samples;

a tapped delay line coupled to the matched filter and con-
figured to accept and delay the signal samples to produce
a plurality of early samples, nominal samples, and late
samples, wherein the nominal samples are delayed rela-
tive to the early samples, and the late samples are
delayed relative to the nominal samples;

a first switch coupled to the tapped delay line and config-
ured to output first selected samples wherein the first
selected samples are nominal samples during a first halt
of the correlation interval and the first selected samples
are early samples during a second half of the correlation
interval;

a first summer coupled to the first switch and configured to
sum the first selected samples spanning the correlation
interval to form a first correlation result:

a second switch coupled to the tapped delay line and con-
figured to output second selected samples wherein the
second selected samples are nominal samples during the
first haltf of the correlation interval and the second
selected samples are late samples during the second halt
of the correlation interval;

a second summer coupled to the second switch and con-
figured to sum the second selected samples spanning the
correlation interval to form a second correlation result;
and

a third summer coupled to the tapped delay line and con-
figured to sum the nominal samples spanning the corre-
lation interval to form a third correlation result.

16. The apparatus of claim 15 wherein the matched filter
comprises a finite impulse response filter with taps set equal
to a conjugate of the spreading code.

17. An apparatus for correlating an mmput signal over a
correlation interval while accommodating spreading code
frequency offset comprising;:

a delay unit configured to accept the input signal and output

a delayed signal;

a switch coupled to the delay unit and configured to output
a switched signal wherein the switched signal 1s the
input signal during a first portion of the correlation inter-
val and the switched signal 1s the delayed signal during
a second portion of the correlation interval;

a first correlator coupled to the delay unit and configured to
form a first correlation result from one of either the input
signal or the delayed signal; and

a second correlator coupled to the delay unit and config-
ured to form a second correlation result from the
switched signal,
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a matched filter configured to perform matched filtering on
the signal, wherein the first correlator comprises an 1nte-
grator configured to integrate the signal over the corre-
lation interval and the second correlator comprises an
integrator configured to integrate the switched signal
over the correlation 1nterval.

18. The apparatus of claim 17 wherein the first correlator

COmMprises:

a first multiplier configured to multiply the signal by a local
code reference to form a multiplied signal, and

a first integrator coupled to the first multiplier and config-
ured to integrate the multiplied signal over the correla-
tion interval; and wherein the second correlator com-
prises:

a second multiplier configured to multiply the switched
signal by the local code reference to form a multiplied
switched signal to form the first correlation result, and

a second integrator coupled to the second multiplier and
configured to integrate the multiplied switched signal
over the correlation interval to form the second correla-
tion result.

19. The apparatus of claim 17 wherein the first portion of
the correlation interval 1s the first half of the correlation
interval and the second portion of the correlation 1nterval 1s
the second half of the correlation interval.

20. An apparatus for correlating a signal over a correlation
interval while accommodating spreading code frequency oil-
set comprising;

means for forming a plurality of signal samples from the
signal;

means for delaying the signal samples to produce a plural-
ity of delayed sample streams, each successive delayed
sample stream having an increased relative delay;

means for selecting a plurality of selected samples corre-
sponding to the correlation interval wherein the plurality
of selected samples 1s selected from a first delayed
sample stream during a first portion of the correlation
interval and selected from a second delayed sample
stream during a second portion of the correlation interval
so as to compensate for a hypothesized phase drift; and

means for correlating the plurality of selected samples to
form a correlation result.

21. The apparatus of claim 20 wherein the first portion of
the correlation interval 1s a first half of the correlation interval
and the second portion of the correlation mnterval 1s a second
half of the correlation interval.

22. The apparatus of claim 20 wherein the means for form-
ing a plurality of signal samples comprises means for
matched filtering the signal, and wherein the means for cor-
relating the plurality of selected samples comprises means for
summing the plurality of selected samples.

23. A method of correlating a signal over a correlation
interval while accommodating spreading code frequency oil-
set comprising;

sampling the signal to form a plurality of signal samples;
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delaying the plurality of signal samples 1n a tapped delay

line:

selecting samples from a first position on the tapped delay

line to form a first set of selected signal samples corre-
sponding to the correlation interval wherein the first
position 1s moved along the tapped delay line during the
correlation interval at a first rate corresponding to a first
code frequency oifset hypothesis; and

correlating the first set of selected signal samples to pro-

vide a first correlation result;
selecting samples from a second position on the tapped
delay line to form a second set of selected signal samples
corresponding to the correlation interval wherein the
position 1s moved along the tapped delay line during the
correlation 1nterval at a second rate corresponding to a
second code frequency ofiset hypothesis; and

correlating the second set of selected signal samples to
provide a second correlation result.

24. The method of claim 23 further comprising matched
filtering the plurality of signal samples and wherein correlat-
ing the first set of selected signal samples comprises summing
the first set of selected signal samples to form the first corre-
lation result.

235. The method of claim 23 wherein correlating the first set
of selected signal samples comprises:

multiplying the first set of selected signal samples by a

local code reference to form multiplied samples; and
summing the multiplied samples to form the first correla-
tion result.

26. The method of claim 23 further comprising comparing,
the first correlation result to a threshold to detect the presence
of a spread spectrum signal.

27. The method of claim 23 wherein the first rate and
second rate are equal 1n magnitude and opposite 1 direction.

28. The method of claim 23 further comprising:

selecting samples from a third position on the tapped delay

line to form a third set of selected signal samples corre-
sponding to the correlation interval, wherein the third
position 1s fixed at a particular tap position on the tapped
delay line; and

correlating the third set of selected signal samples to pro-

vide a third correlation result.

29. The method of claim 28, further comprising comparing,
the first correlation result, second correlation result, and third
correlation result to determine a most likely code frequency
olfset hypothesis.

30. The method of claim 28, further comprising interpolat-
ing the first correlation result, second correlation result, and
third correlation result to determine an estimated code fre-
quency ollset of the signal.

31. The method of claim 30, further comprising adjusting a
rate of the local code reference based on the estimated code
frequency ofiset.
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